1998), may cooperate to regulate the targeting and clus-
AMPA receptor subunits with PICK1 in the yeast twotering of AMPA receptors at excitatory synapses. hybrid system. PICK1 specifically interacted with the C termini of the GluR2, GluR3, and GluR4C subunits but not with the GluR1 and GluR4 subunits ( Figure 1A ). This Results result was not surprising, since GluR2, GluR3, and GluR4C have similar C-terminal amino acid sequences
Interaction of PICK1 with AMPA Receptors and specifically interact with GRIP (Dong et al., 1997). in the Yeast Two-Hybrid System
To define the exact site of interaction between GluR2/3 In an effort to search for molecules that may be involved and PICK1, various mutants of the GluR2 and GluR3 in anchoring and clustering of AMPA receptors at excitsubunits were tested for interaction with PICK1. Figure atory synapses, we used the C-terminal 50 amino acids 1B shows that deletions of the N-terminal region of the of the AMPA receptor GluR2 subunit as bait to screen GluR2 construct had no effect on the interaction. In a rat hippocampal cDNA library using the yeast twocontrast, the deletion of the last seven amino acids from hybrid technique (Fields and Song, 1989; Chevray and the GluR2 C termini completely eliminated the interacNathans, 1992). Using this method, we have previously tion with PICK1. Furthermore, the addition of a single demonstrated that GRIP (Dong et al., 1997) and NSF amino acid at the C terminus of GluR3 abolished the (Song et al., 1998) bind to the C terminus of GluR2. In interaction as well, indicating that the correct amino a similar screen, we isolated two clones that encode acid sequence had to be specifically located at the C nearly the full length of PICK1, a protein that was preterminus. The requirement of the intact C termini of viously isolated due to its ability to interact with PKC␣ GluR2 and GluR3 for the interaction with PICK1 sug-(Staudinger et al., 1995). Interestingly, PICK1 contains gested that the PDZ domain of PICK1 is the site of a PDZ domain at the N terminus ( Figure 1C ; Staudinger interaction. PDZ domains contain a conserved lysine et al., 1997). To characterize the specificity of the GluR2-PICK1 binding, we examined the interaction of other that is required for interaction with the free carboxyl cating that muscle may contain a specific splice variant of PICK1. This is interesting, since we have recently tant in the interaction, the corresponding lysine residue, together with the adjacent aspartic acid residue, were found that PICK1 interacts with MuSK, a muscle-specific tyrosine kinase involved in the synaptic targeting of the mutated to alanines (K27D28→AA). Mutation of these two residues eliminated the interaction of GluR2 with nicotinic acetylcholine receptor (AChR) at the NMJ (J. X. and R. L. H., unpublished data). PICK1, indicating that the PDZ domain is essential for interaction ( Figure 1C) .
The developmental expression of PICK1 and GluR2/3 in the brain is shown in Figure 2B . PICK1 and GluR2 are both highly expressed in the postnatal brain. As has Tissue Distribution, Developmental Expression, been previously shown, GluR2/3 expression is relatively and Subcellular Distribution of PICK1 Protein low early in development and then steadily increases, We compared the expression and distribution of PICK1 reaching a peak at postnatal day 14. In contrast, PICK1 with AMPA receptors using an antibody generated against the last 100 amino acids of PICK1. The PICK1 protein is detected early in development, suggesting that PICK1 may be important in GluR2-independent proantibody detected a 55 kDa protein, the predicted size of PICK1, in all tissues with the highest expression level cesses in early development, and then increases gradually, reaching its peak around postnatal day 14. in the brain (Figure 2A ). This is consistent with Northern Figure 3C , neurons In Situ and In Vivo were stained with a monoclonal antibody against PKC␣ To further investigate the interaction of PICK1 and AMPA and an affinity-purified rabbit anti-GluR2/3 antibody that receptors, we tested whether PICK1 and AMPA formed recognizes both GluR2 and GluR3. Interestingly, PKC␣ a complex in transfected mammalian cells. HEK 293T is highly enriched in excitatory synapses and colocalizes cells were transfected with GluR2 in the presence or with GluR2/3 (arrows). The interactions of PKC␣ with absence of PICK1, and the cells were solubilized by PICK1 and PICK1 with AMPA receptors, and the colocalTriton X-100 and immunoprecipitated by an anti-PICK1 ization of PKC␣, PICK1, and AMPA receptors at excitantibody 2 days after transfection. The immunoprecipiatory synapses, indicate that these three proteins may tates were then resolved by SDS-PAGE and immube in a complex at excitatory synapses. However, we noblotted with an affinity-purified anti-GluR2/3 antibody have been unable to demonstrate a complex containing that recognizes both GluR2 and GluR3. As shown in PKC␣ with PICK1 and AMPA receptors in coimmuno- Figure duce AMPA receptor clustering, we transfected PICK1 coimmunoprecipitated from rat brain. Membrane fracand GluR2 into HEK 293T cells and analyzed GluR2 tions from rat brain homogenate were solubilized by 1% and PICK1 distribution by immunofluorescence staining deoxycholate and centrifuged at 100,000 ϫ g, and the techniques. As shown in Figure 4A , when GluR2 was supernatant was immunoprecipitated with an anti-PICK1 transfected into HEK 293T cells alone, GluR2 staining polyclonal antibody. The immunoprecipitates were then was diffuse in the cell. Similarly, when PICK1 was transanalyzed by immunoblot techniques with an affinity-pufected into HEK 293T cells, PICK1 was diffusely distribrified anti-GluR2/3 antibody that recognizes both GluR2 uted ( Figure 4B ), with the exception of some cells that and GluR3. As shown in Figure 2E , GluR2/3 was coimhad a few small PICK1 clusters (data not shown). In munoprecipitated with PICK1, but not when the anticontrast, when GluR2 was cotransfected with PICK1, PICK1 antibody was blocked with antigen or when preGluR2 formed many clusters that colocalized with PICK1 immune serum was used for immunoprecipitation.
( Figure 4C ). To rule out the possibility that the clusters of PICK1 and GluR2 are aggregates inside the cells, due to protein misfolding or misprocessing, we examined PICK1 Is Colocalized with AMPA Receptors at Excitatory Synapses whether PICK1 induced GluR2 to cluster on the surface plasma membrane. HEK 293T cells cotransfected with The subcellular distribution of PICK1 in neurons was further analyzed by immunofluorescence techniques.
GluR2 and PICK1 were stained live with a mouse anti-N-terminal GluR2 antibody to specifically label GluR2 Primary cultures of rat hippocampal low-density neurons were double labeled with affinity-purified rabbit on the surface. The rabbit anti-PICK1 antibody was then added after fixation and permeabilization. Indeed, many anti-PICK1 antibody and mouse anti-GluR2 antibody. As shown in Figure 3A , PICK1 is highly enriched at synof the clusters of GluR2 induced by PICK1 were on the plasma membrane ( Figure 4D ). apses and colocalizes with GluR2 (arrows). Interestingly, PICK1 appears to be present at spiny synapses but not To examine the specificity of this clustering, a GluR2 construct without the last seven amino acids (GluR2⌬7) at shaft synapses (data not shown). To test whether PICK1 is exclusively localized at excitatory synapses, required for interaction with PICK1 was cotransfected with PICK1. Deletion of the last seven amino acids elimiwe double stained hippocampal neurons with the rabbit anti-PICK1 antibody and an anti-glutamic acid decarnated the PICK1-induced clustering of GluR2 ( Figure  5B ). In addition, the role of the PDZ domain of PICK1 boxylase (GAD) mouse antibody that specifically recognizes GABAergic inhibitory synapses. As shown in Figin GluR2 clustering was examined by cotransfecting the PICK1 PDZ domain mutant (K27D28→AA) with wild-type ure 3B, PICK1 (arrows) did not colocalize with GAD Figures 1C and 1D) . This result sugcontaining proteins, such as PSD-95 and GRIP, in the subcellular targeting of neurotransmitter receptors and gested that PICK1 self-association may be independent 
